Horowitz and Leupold (6) first suggested that the isolation of temperature-sensitive mutants might provide a technique for obtaining mutations in indispensible (i.e., nonauxotrophic) genes. The work of Edgar and co-workers with bacteriophage T4 (2, 4) demonstrated that temperature-sensitive mutants can be used effectively to gain information about indispensable gene functions. These studies demonstrated that temperature-sensitive mutations can occur in many different genes in an organism. For instance, 39 genes were identified in bacteriophage T4 by amber mutations; 26 of these were shown to be able to carry mutations leading to a temperature-sensitive phenotype. Neidhardt described the isolation of temperature-sensitive mutants of Escherichia coli and some of the patterns of macromolecule synthesis that result when the mutants are shifted to the nonpermissive temperature (9) . The biochemical lesion in three of these mutants has been identified as being due to thermolabile valine-activating enzyme, phenylalanine-activating enzyme (3) , and fructose 1, 6-diphosphate aldolase (1) . An extensive investigation of 400 temperature-sensitive mutants of E. coli has recently been published by Kohiyama et al. (7) . Lesions which preferentially affected cell division, cell wall formation, and the synthesis of protein, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA) were identified through a study of macomolecule synthesis and changes in morphology after the mutants were shifted to the nonpermissive temperature.
Temperature-sensitive mutants should provide a useful probe into the poorly understood processes of macromolecule biosynthesis and its regulation in the eucaryotic cell. The organism of choice for this type of study should fulfill two conditions. It should have the smallest amount of genetic material that is compatible with the complexity of a eucaryotic cell. It should possess a genetic system that allows one to study complementation and dominance versus recessiveness of mutations. Saccharomyces cerevisiae appears to fulfill both of these criteria. It is one of the simplest eucaryotic organisms, having only 2.2 X 10-8 Ag of DNA per haploid nucleus (10) . If one assumes that an average protein contains 500 amino acids, this DNA content corresponds to enough genes to produce 13,000 different proteins. From the same assumption, an E. coli cell is able to produce 3,000 different proteins. Thus, the eucaryotic yeast cell is only about four times as complex as one of the simpler procaryotic cells. Genetic studies of yeast have reached a high level of sophistication (for a review, see 8) . The yeast genetic system is ideally suited for study of the complementation patterns and determination of the dominance or recessiveness of mutations. This paper reports the isolation and prelim- MATERIALS AND MErHODS Yeast strains. The yeast strains used in this work were haploid strains of S. cerevisiae. The parent from which the 400 temperature-sensitive mutants were isolated was obtained from Rochelle Esposito and is designated A364A (a ade-l-ura-lk gal-l-tyr-lhis-7-Iys-2-trp-l-). Strain X1069-2D (a ade-lura-l-his4-leu-2-thr4-met-2-trp-S-) was obtained from Robert K. Mortimer. The following abbreviations for genetic markers are used: a and a indicate mating types; ade-, ura-, his-, lys-, trp, leu-, thr-, and met-indicate inability to synthesize adenine, uracil, histidine, lysine, tryptophan, leucine, threonine, and methionine, respectively; gal-indicates inability to ferment galactose; ts-indicates inability to grow at 36 C.
Media. Mutant isolation: A culture of S. cerevisiae, strain A364A, was grown from a small inoculum overnight at 36 C in YM-1. While still growing logarithmically, 50 ml of culture was shifted to 23 C, and 0.2 ml of a solution containing 4 mg (per ml) of N-methyl-N'-nitro-N-nitrosoguanidine was added. Samples containing 0.5 ml of the culture were immediately distributed to a large number of tubes. The tubes were then rotated for a period of 5 hr (survival, 0.2 to 1.0%), after which time samples were removed, diluted, plated on YEPD-TAU plates, and incubated at 23 C. When colonies appeared, the pattern was replicated onto two plates, the first of which was incubated at 36 C and the second of which was incubated at 23 C. Colonies which grew up on the latter but not the former (approximately 1% of the total number of colonies) were picked, diluted with water, and streaked onto two YEPD-TAU plates, which were again incubated at the two temperatures. Clones which formed approximately 1,000 colonies on the 23 C plate and no colonies on the 36 C plate were picked from the low-temperature plate and designated as ts-mutants. Only one or two mutants were isolated from a single mutagen-treated culture tube.
Genetic techniques. Haploid cultures were mated by mixing cultures of opposite mating type on YEPD-TAU plates, and the resulting diploid was isolated by the prototrophic selection method of Pomper and Burkholder (11) . The products of meiosis were analyzed by a random-spore technique. Diploids were sporulated on sporulation medium. The ascus was digested with glusulase, and the spores were separated by intense sonic oscillation. Microscopic counts indicated that this technique resulted in a preparation consisting of (80 to 90%) single spores, with the remainder being spore aggregates. Unsporulated cells were destroyed by the digestion and sonic procedure.
Analytical methods. Macromolecule synthesis was studied in two basic types of experiments. In the pulse-label experiment, protein synthesis was measured by the incorporation of a mixture of '4C-labeled amino acids in one culture flask, and RNA and DNA synthesis was measured by the incorporation of adenine-8-14C in another culture flask. In the uniformlabel experiment, protein was labeled with 3H-lysine in the same culture flask in which RNA and DNA were labeled with adenine-8-'4C. The amount of adenine-8-14C incorporated into RNA was determined by precipitating a portion of culture in an equal volume of cold 10% trichloroacetic acid, collecting the precipitate on membrane filters (Millipore, type HA), and counting the filters in a gas-flow counter. Little or no 14C-adenine was incorporated into protein, as evidenced by the fact that boiling labeled cells in 5% trichloroacetic acid reduced the precipitable counts by greater than 99%. Base hydrolysis of 14C-adenine-labeled cells and chromatography of the hydrolysate revealed 95% of the counts as guanosine-3'-monophosphate and adenosine-3'-monophosphate. (Only 2% of the counts were in DNA, since S. cerevisiae has an RNA-DNA ratio of about 50.) In samples of '4C-adenine-labeled cells from a uniform-label experiment, the protein was also labeled with 3H-lysine. Owing to the-poor counting efficiency of 3H in the gas-flow planchet counter, the contamination of samples being counted for RNA with protein counts was always less than 0.05%. The sedimentation pattern of 14C-adenine counts from a sodium dodecyl sulfate-treated cell lysate in a sucrose density gradient displayed the three peaks expected for soluble RNA and the two ribosomal RNA components when long labeling times were employed.
The amount of adenine-8-14C incorporated into DNA was determined by the incubation of 1.0 ml of culture in 1 N NaOH at room temperature for 16 hr, followed by precipitation with cold trichloroacetic 1663 VOL. 93, 1967 on October 22, 2017 by guest http://jb.asm.org/ Downloaded from acid to a final concentration of about 10%. This procedure solubilizes all the RNA counts. The precipitates were again collected on membrane filters and counted in a gas-flow counter. Treatment of a cell lysate with deoxyribonuclease solubilized about 70% of these NaOH-resistant counts. Depurination of the DNA with 0.02 N HCl at 100 C for 1 hr, followed by paper chromatography of the hydrolysate, allowed the recovery of 95% of the NaOH-resistant counts as guanine and adenine. When protein was also labeled with 3H-lysine, the contamination of DNA counts with protein counts was less than 2%.
When the protein was labeled with a mixture of 14C-amino acids, a portion of the culture was boiled in 5% trichloroacetic acid for 30 min and the precipitate was collected on a membrane filter. The filters were counted in a gas-flow planchet counter. In the uniform-label experiments, when 3H-lysine was used as a label for protein, a portion of the culture was boiled in 10% trichloroacetic acid for 30 min to solubilize the '4C-adenine counts in RNA and DNA. The precipitate was collected on a membrane filter, which was treated in a scintillation vial with 0.4 ml of formic acid. The radioactivity was then counted in a toluene-ethyl alcohol scintillation mixture (5) (Fig. 8) .
A simple streak test was used to screen mutants for loss of viability at the nonpermissive temperature. A suspension of cells was streaked onto two plates. One was placed immediately at 23 C; the other was placed at 36 C for 16 hr and then shifted to 23 C. After 4 days of growth, the colony density on the two plates was compared. Approximately 40% of the mutants underwent a greater than 90% reduction in colony-forming ability during their exposure to high temperature.
Dominance and recessiveness of ts-mutants. All mutants were tested for dominance or recessiveness of their ts-mutation. They were mated with a wild-type haploid of opposite mating type. The diploid which resulted was isolated on selective media and streaked on plates at high and low temperature. The vast majority of the mutants displayed a recessive phenotype; that is, the diploid carrying the ts mutation in the heterozygous state formed approximately equal numbers of colonies at high and low temperature. Sporulation of these diploids and an examination of the resulting haploids for temperature sensitivity demonstrated that the diploids which grew at 36 C were still heterozygous for the ts-mutation. A total of four dominant tsmutations were found in the collection of 400 mutants (numbers 344, 349, 408, and 453). The diploids harboring these mutations in the heterozygous state formed significantly fewer colonies at 36 C than they did at 23 C. The ts-phenotype is either extremely leaky or subject to a high rate of reversion in the heterozygous state, as cultures of these diploids form up to 10% as many colonies at 36 C as they do at 23 C. Haploid cultures of these four mutants had a low incidence of revertent cells, 10-5 to 10 7.
Pulse labeling for macromolecule synthesis. A simple procedure was developed for screening large numbers of mutants for protein, RNA, and DNA synthesis at the nonpermissive temperature. The mutants were grown in liquid culture at 23 C in YM-5 medium. When they were in a logarithmically growing state, a portion of the culture was diluted threefold into YM-5 medium (at 36 C) containing 14C-amino acids (reconsti-tuted 14C-protein hydrolysate); a second portion was diluted threefold into YM-5 medium (at 36 C) containing adenine-8-'4C. After 3 hr at 36 C, samples were removed for measurement of the amount of radioactive amino acids incorporated into protein and the amount of radioactive adenine incorporated into RNA and DNA. During this 3-hr period, the growth of the original culture at 23 C was followed by turbidity measurements. About 85% of the mutants grew with rates between 0.80 and 1.10 of the wildtype growth rate at 23 C. The data obtained for some of the mutants are listed in Table 1 . Figure  1 is Uniform-label experiment. The data were analyzed and the mutants further studied with the aim of finding mutations which preferentially affect the following processes: protein synthesis, RNA synthesis, DNA synthesis, cell division, and cell wall formation. Certain mutants suspected of falling into one of these five classes, on the basis of the pulse-labeling experiments, were chosen and a uniform-label experiment was performed on them. In this experiment, the mutants were grown at 23 C from a small inoculum in medium containing 14C-adenine and 3H-lysine. It should be recalled that the mutants were all derived from a strain which was auxotrophic for lysine and adenine. When the cultures had reached a sufficient density and were still growing logarithmically, they were shifted to 36 C. At the time of the shift, the cells protein-is-uniformly labeled with 3H, and the RNA and DNA is uniformly labeled with 14C. Thus, any increase in radioactivity after the shift to high temperature is directly proportional to the net increase in the particular macromolecule being studied. In contrast to the pulse-labeling experiment, there is no problem with pool equilibration after the shift to 36 C. Samples were taken at various times after the shift and treated to measure the radioactivity in protein, RNA, and DNA. Cell number was determined in a Coulter counter (Coulter Electronics, Inc., Hialeah, Fla.), and colony-forming ability was determined by dilution and plating. Figure 2 presents the results of a uniform-label experiment with a culture of the wild type, A364A
(ts+). The doubling time of the wild type at 23 C was approximately 3 hr. Immediately after the shift to 36 C, the doubling time of all macromolecules, as well as cell number and colonyforming ability, decreased to about 1.7 hr. The slowing down of RNA synthesis at 6 hr was due to an exhaustion of adenine from the medium. In experiments with the temperature-sensitive mutants, the cell density was kept considerably below this level.
Mutations preferentially affecting protein synthesis. Mutants incorporating less than 10% of the radioactivity incorporated by the wild type into protein in the pulse-label experiment (Fig. 1) are suspected of being "protein synthesis" mutants. There are 21 mutants in this category. All of these mutants also show low values for RNA synthesis.
Several of these mutants were examined in a uniform-label experiment. Most of these mutants showed little or no net increase in protein after a shift to 36 C. Figure 3 presents the results of a uniform-label experiment with mutant number 187. Protein and RNA showed no net increase after the shift. DNA increased by about 35%. Cell number remained constant and there was little loss of viability. Mutant 171 is similar in phenotype to number 187. Mutants of this type are currently being examined for their ability to synthesize protein in vitro.
Mutations preferentially affecting RNA synthesis. Those mutants displaying protein-RNA ratios of greater than 4 in the pulse-labeling experiment are suspected of being mutants for RNA synthesis. There are 38 mutants in this category. A uniform-label experiment was performed on about two-thirds of these mutants. In all cases, the net increase in RNA was inhibited to a far greater extent than was the increase in protein after the shift to 36 C. Figure  4 presents the results of a uniform-label experiment with mutant 108. Total protein increased 100% over the first 3 hr after the shift, whereas RNA increases by only about 5 %. DNA increased 65 %, cell number increased 35 %, and viability fell off slowly. About 15 mutants were found with phenotypes very similar to number 108. (Number 282 is another example.) Others show a slow, but continuous, increase in net RNA. Since ribosomal RNA is the major component of cellular RNA, it is clear that the formation of ribosomal RNA is being preferentially shut off in mutant 108. It is unclear at the present time whether messenger RNA is being shut off. Experiments are being undertaken to characterize the small amount of RNA which is made after the shift.
Mutations preferentially affecting DNA synthesis. The data from the pulse experiment were VOL. 93, 1967 DNA synthesis after the shift to 36 C. Figure 5 presents the data from a uniform-label experiment with one of these four mutants, number 172. The increase in DNA after the shift was much less than that of RNA or protein. However, DNA synthesis proceeded at a slow, but significant, rate after the shift.
Mutations preferentially affecting cell division. Lesions in a number of cellular processes might be expected to result in a preferential inhibition of the increase in cell number. Most entities which count as single particles in the Coulter counter consist of a cell with a bud in various stages of development. Nuclear division occurs early in bud formation (13) , so most of these single particles contain two nuclei. Thus, a lesion in an "early" process such as bud initiation or nuclear division might result in an increase in cell number of as much as 100%. A lesion in a "late" process, such as cytokinesis or the separation of the bud from its parent cell, should result in little or no increase in cell number. In either case, protein synthesis should continue for some time. A number of mutants with protein values of greater than 0.6 in the pulse experiment (Fig. 1) were examined for increases in turbidity and in cell number after a shift to 36 C. Many mutants showed a parallel increase in cell number and turbidity for net increases of up to 10-fold after the shift. However, some mutants displayed the anticipated phenotype, with increases in cell number of less than twofold and much larger increases in turbidity.
These mutants were further tested in a uniform-label experiment. Figure 6 presents the results of this experiment with mutant 236. The increase in cell number is consistent with our expectations for a lesion in an "early" process of cell division, showing a net increase of 70%. By 10 hr after the shift, the cells are much larger than they were at the moment of the shift and display no small buds. The content of protein, RNA, and DNA per cell has increased by factors of 6.0, 2.3, and 2.0, respectively. By 5 hr, there is a 10-fold loss of viability. Figure 7 presents the results of a uniform-label experiment with mutant 289. This mutant displays a pattern which is consistent with a lesion in a "late" process of cell division. The increase in cell number stopped by 3 Nonspecific lesions. Only about 10 to 20% of the mutants display patterns in a uniform-label experiment which are consistent with a lesion that preferentially inhibits protein synthesis, RNA synthesis, DNA synthesis, cell division, or cell wall formation. In the rest, a preferential effect is not evident for any of the parameters measured.
Mutant 438 is one such mutant (Fig. 9) . Protein, RNA, DNA, and cell number all increased several fold after the shift. However, the rate of increase in these parameters was more linear than exponential. DISCUSSION It was estimated, in the introduction, that a haploid yeast cell contains enough DNA to produce 13,000 different proteins. Watson estimated that the number of proteins needed for smallmolecule metabolism in E. coli is 600 to 800 (12) . It seems unlikely that the number of small molecules or their routes of metabolism would be vastly different in yeast and in E. coli, and we may therefore assume a similar number in yeast. Of course, a variety of proteins are involved in macromolecule metabolism and in the structural proteins of cells such as amino acid-activating enzymes, ribosomal proteins, polymerases, and methylating enzymes. However, the number of identified proteins in this category would total no more than a few hundred. If we assume that all of the DNA in a yeast cell is active, in the sense that it produces functional proteins, then it is evident that the functions of the vast majority (i.e., about 90%) of the gene products in one of the simplest eucaryotic cells are unknown. The work of Edgar and Lielausis (2) indicates that a large percentage of the proteins of an organism can mutate to a temperature-sensitive form. It therefore seems reasonable to conclude that most of the 400 mutants which were selected only on the basis of a temperature-sensitive phenotype have lesions in proteins whose function in cell physiology is entirely unknown. We hope that the continued study of these mutants will lead to the identification of the roles played by the products of some of these genes in cellular processes.
In this context, it is interesting that about 80% of the mutants do not show a preferential inhibition of any of the parameters measured after the shift to 36 C. Only the determination of further variables, such as oxygen uptake, active transport, and lipid metabolism, will provide a clue as to the site of the lesion in these mutants.
In fact, of the 20 % which do appear to be preferentially affected in protein synthesis, RNA synthesis, DNA synthesis, cell division, or cell wall formation, it is entirely possible that their defect is only indirectly related to the process which is inhibited. Further characterization of these mutants is continuing.
